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Abstract: The relationship between scleral birefringence and biometric 
parameters of human eyes in vivo is investigated. Scleral birefringence near 
the limbus of 21 healthy human eyes was measured using polarization-
sensitive optical coherence tomography. Spherical equivalent refractive 
error, axial eye length, and intraocular pressure (IOP) were measured in all 
subjects. IOP and scleral birefringence of human eyes in vivo was found to 
have statistically significant correlations (r = −0.63, P = 0.002). The slope 
of linear regression was −2.4 × 10−2 deg/μm/mmHg. Neither spherical 
equivalent refractive error nor axial eye length had significant correlations 
with scleral birefringence. To evaluate the direct influence of IOP to scleral 
birefringence, scleral birefringence of 16 ex vivo porcine eyes was 
measured under controlled IOP of 5−60 mmHg. In these ex vivo porcine 
eyes, the mean linear regression slope between controlled IOP and scleral 
birefringence was −9.9 × 10−4 deg/μm/mmHg. In addition, porcine scleral 
collagen fibers were observed with second-harmonic-generation (SHG) 
microscopy. SHG images of porcine sclera, measured on the external 
surface at the superior side to the cornea, showed highly aligned collagen 
fibers parallel to the limbus. In conclusion, scleral birefringence of healthy 
human eyes was correlated with IOP, indicating that the ultrastructure of 
scleral collagen was correlated with IOP. It remains to show whether scleral 
collagen ultrastructure of human eyes is affected by IOP as a long-term 
effect. 
©2014 Optical Society of America 
OCIS codes: (170.4500) Optical coherence tomography; (170.4470) Ophthalmology; 
(050.2555) Form birefringence; (180.4315) Nonlinear microscopy. 
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1. Introduction 
Recent studies have suggested that the biomechanical property of sclera of myopic and 
glaucomatous eyes is different from that of normal eyes [1–3]. Sclera of the myopic eye is 
known to have increased creep [4], decreased thickness, and smaller collagen fibril diameter 
[1,5]. These changes are believed to be associated with the remodeling of the sclera and the 
axial elongation of the eyeball. Although the alignment of scleral collagen fibers in 
glaucomatous eyes is not known well, Pijanka et al. reported that sclerae of some 
glaucomatous eyes had decreased fiber anisotropy of collagen fibers in two quadrant sectors 
around the optic nerve head [6]. The stiffness of the peripapillary sclera of glaucomatous eyes 
was different from that of normal eyes in the cases of experimental monkeys and postmortem 
humans [7–10]. Glaucomatous human eyes had lower density of collagen fibers in 
peripapillary sclera than that of normal human eyes [11]. 
Although the scleral biomechanics has important roles for myopia and glaucoma, in vivo 
scleral biomechanics has been poorly investigated. Recently, we showed that the elasticity of 
ex vivo porcine sclera correlated with the birefringence that was measured by polarization-
sensitive optical coherence tomography (PS-OCT) [12,13]. The result can be understood from 
two known facts that highly organized collagen fiber has high birefringence [14,15] and that 
highly organized collagen fiber has high elasticity [1,16–18]. 
PS-OCT, which is a functional extension of OCT, can measure birefringence of sclera and 
many other ocular tissues noninvasively without contact. PS-OCT has been used to measure 
birefringence of cornea [19], trabecular meshwork [20], retinal nerve fibers [21–23], and 
scarred tissue of age-related macular degeneration [24]. PS-OCT has also been used to 
investigate birefringence of pterygium and scarred tissue of the conjunctiva after 
trabeculectomy [25,26]. Although it is known that the sclera has high birefringence in both 
the anterior and posterior segments of the eye [27–29], the association of scleral birefringence 
with ocular diseases has not been investigated to date except in one case study of necrotizing 
scleritis [30]. The birefringence properties of healthy sclera are likewise not well known. 
In this paper, we show the relationships between birefringence of in vivo human sclera 
and biometric parameters of the human eye. In addition, we show that the birefringence of 
sclera is not significantly influenced by short-term alteration of intraocular pressure (IOP) in 
the case of ex vivo porcine eyes. Regionally different fiber structures of the ex vivo porcine 
sclera are also visualized using second-harmonic-generation (SHG) microscopy. 
2. Methods 
2.1 Measurement of in vivo human sclera 
Twenty-one left eyes of healthy human subjects without marked disorders were involved in 
this study. The protocol adhered to the tenets of the Declaration of Helsinki and was approved 
by the Institutional Review Board at the University of Tsukuba. Informed consent was 
obtained from each participant after explanation of the study. 
Axial eye length, spherical equivalent refractive error, and IOP of the healthy human eyes 
were measured by IOL Master (Carl Zeiss Meditec, Dublin, CA, USA), auto kerato-
refractometer (RT-7000, Tomey Corp., Nagoya, Aichi, Japan), and Goldmann applanation 
tonometer, respectively. 
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Birefringence of the sclera was measured by our prototype of PS-OCT [26]. In brief, the 
system used a frequency-swept light source with center wavelength and scanning speed of 
1.31 μm and 30 kHz, respectively. The axial resolution was 9.2 μm in tissue. Using 
polarization modulation and polarization-sensitive detection, the system measures a 
tomography of Jones matrix of a sample, which represents the polarization property of the 
sample. Using this system, we measured volumetric data in a lateral measurement range of 6 
mm × 3 mm on the sample, with 512 × 128 A-scans. Figure 1(a) shows a representative OCT 
intensity image of human sclera near the limbus. The angle of anterior chamber was included 
in the right side of the image as a landmark of the measurement. 
 
Fig. 1. Representative OCT intensity (a) and local birefringence (b) images of human sclera in 
vivo. Red outlined areas show the extracted region used to calculate averaged birefringence in 
each sample. Scale bar represents 500 μm × 500 μm. 
To analyze the polarization property of the sclera, we calculated local birefringence from 
the measured Jones matrix. To calculate the local birefringence of the sclera, we used a 
similar method developed previously [13]. The Jones matrices were moving-averaged with a 
kernel size of 3 pix (axial) × 5 pix (transversal) (18 μm × 59 μm) in each B-scan after 
cancelling the relative global phase among the Jones matrices [26]. Local birefringence of 
sclera was calculated using the method published previously [31]. The local birefringence 
was calculated from the depth-oriented alteration of the polarization property in a small 
depth-region. The size of the region was 8 pix (49 μm) in tissue, which represented the spatial 
resolution of the measured local birefringence. Figure 1(b) shows the local birefringence 
image of human sclera. Some domains that have high birefringence are visible in the sclera, 
which would represent inhomogeneity in collagen fibers. 
A scleral region was extracted semi-automatically as indicated by the outlined red areas 
shown in Fig. 1(a) and 1(b). In addition, the pixels that had lower effective signal to noise 
ratio than 10 dB or lower degree of optic axis uniformity than 0.9 [13] were excluded from 
the subsequent analysis. The measured local birefringence value was converted to an 
estimated birefringence value using a Monte Carlo-based estimator [32]. By averaging the 
estimated birefringence value in each volume of sclera, a true averaged local birefringence 
value was obtained [32]. 
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2.2 Inflation response of ex vivo porcine sclera 
To observe the influence of short-term alteration of IOP on the birefringence of the sclera, we 
measured the birefringence of porcine sclera with controlled IOP. Sixteen porcine eyes 
obtained from a local abattoir were used for the experiment within the same day of the 
sacrifice. Extraocular tissues and conjunctiva were removed before the experiment. 
Figure 2 shows the schematic of the experiment designed to measure birefringence of the 
ex vivo porcine sclera in response to the inflation of the eye. IOP was controlled by a reservoir 
of phosphate-buffered solution (PBS) (BSS Plus, Alcon, Fort Worth, TX, USA). The 
reservoir was connected to a 24G cannula inserted into the optic nerve head of the porcine 
eye. IOP was monitored by a pressure sensor (MLT0699, ADInstruments, Bella Vista, NSW, 
Australia) that was located at the same height as the eye. The height of the liquid level was 
controlled manually to change the IOP of the eye from 5 to 60 mmHg with eight steps (5, 10, 
14, 18, 22, 30, 45, and 60 mmHg). 
 
Fig. 2. Schematic of the experiment designed to measure the inflation response of scleral 
birefringence. 
Birefringence of the porcine sclera was measured at each controlled IOP using the PS-
OCT. Figure 3 shows representative OCT intensity and local birefringence images. The 
measured region and the processing method to calculate the birefringence were the same as 
the experiment using the in vivo human sclera. 
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Fig. 3. Representative OCT intensity (a) and local birefringence (b) images of porcine sclera ex 
vivo. Red outlined areas show the extracted region used to calculate averaged birefringence in 
each sample. Scale bar represents 500 μm × 500 μm. 
2.3 SHG imaging of porcine sclera 
To observe the structure of collagen fibers in the sclera, we measured backscattering from the 
sclera with SHG microscopy. The light source was a femtosecond laser (center wavelength, 
800 nm; pulse width, ~100 fs; repetition rate, 80 MHz; average output power, ~30 mW). The 
incident state of polarization was controlled to be circular polarization with a quarter 
waveplate so that the signal intensity of the SHG did not depend on the orientation of the 
collagen fiber. The light illuminates the sample from the bottom side through an inverted light 
microscope (TE2000-U, Nikon, Tokyo, Japan) where the light is focused by an oil-immersion 
lens (20 × , NA = 1) that contacts a glass slide. The sample was set on the glass slide. 
Backscattered SHG signal was separated from the fundamental wavelength, and detected by a 
photomultiplier tube. The gain of the detector was controlled to optimize the image contrast 
for each image. 
Six porcine eyes were dissected for this measurement by SHG microscopy. Two scleral 
strips with a size of 5 mm square were extracted from each eye at the superior side of the 
cornea and at the posterior pole that did not include a peripapillary region. The scleral strip 
extracted at the superior side of the cornea was directly mounted on a glass slide, and 
measured by SHG microscopy. Both external and internal surfaces of the sclera were 
measured for each strip. The other scleral strip extracted at the posterior pole was immersed 
in paraffin, frozen by liquid nitrogen, sectioned in a low temperature cryostat at a thickness of 
30 μm, and at a depth of 600 μm from the external surface of the sclera, mounted on a glass 
slide, and measured by SHG microscopy. 
3. Results 
Figure 4 shows the plots of birefringence as a function of biometric parameters of spherical 
equivalent refractive error (a), axial eye length (b), and IOP (c). Statistically significant 
correlation was found between the birefringence and the IOP (two-sided test using Pearson's 
correlation coefficient, r = −0.63, P = 0.002). The slope and intercept of the linear regression 
line were −2.4 × 10−2 deg/μm/mmHg and 1.5 deg/μm, respectively. The results did not show 
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statistically significant correlations between birefringence and spherical equivalent refractive 
error or axial eye length. 
 
Fig. 4. Plots of local birefringence of the human sclera and spherical equivalent (a), axial eye 
length (b), and IOP (c). 
Figure 5 shows the plots of birefringence at the controlled IOP for each porcine eye. To 
determine the dependence of birefringence on the IOP, linear regression was applied for each 
eye. Mean slope was −9.9 × 10−4 deg/μm/mmHg. 
 
Fig. 5. Plots of local birefringence of the porcine sclera and controlled IOP. Linear regression 
line of each porcine eye is also shown. Each color represents a different eye. 
Figure 6 shows the scatter plot of the slope between the scleral birefringence and IOP of 
in vivo human eyes (black rectangle) and ex vivo porcine eyes (white rectangles). The 
minimum slope of 16 porcine eyes was less than 15% of the average of 21 human eyes 
without controlled IOP. 
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Fig. 6. Scatter plot of the slope between scleral birefringence and IOP. Filled square and open 
squares show the results of in vivo human eyes and ex vivo porcine eyes, respectively. 
Figure 7 shows the SHG images at the superior side of the cornea of porcine eyes ex vivo. 
On the external surface of the sclera (row A of Fig. 7), SHG images showed clear collagen 
bundles that roughly aligned in the horizontal direction, which were parallel to the limbus. At 
the depth of 600 μm, as shown in row B of Fig. 7, the contrast of collagen bundles was not as 
clear as at the external surface. This could be partly because the sliced plane was not parallel 
to the fiber. On the internal surface of the sclera (row C of Fig. 7), the contrast of collagen 
fiber was not clear, and the collagen fiber did not have a specific orientation of alignment. 
Because the detector gain was optimized for each SHG image, the contrasts of all images are 
nearly the same. However, the raw SHG intensity from the internal surfaces was significantly 
weaker than at the external surfaces. 
 
Fig. 7. SHG microscopy images of the porcine sclera at the superior side of the cornea. Rows 
A, B, and C show the SHG images on the external surface, at the depth of 600 μm, and on the 
internal surface of the sclera, respectively. The numbers of the columns from 1 to 6 show IDs 
of porcine eyes. 
Figure 8 shows the SHG images of the porcine sclera at the posterior pole. On the external 
surface (row A of Fig. 8), SHG images clearly showed undulating thick bundles, which had a 
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width of 20−50 μm. The bundles had interwoven structures with various orientations. There 
was no notable major orientation of the fiber bundles. At the depth of 600 μm (row B of Fig. 
8), the contrast of collagen bundles was better than that observed near the limbus, as shown in 
Fig. 7. On the internal surface of the sclera (row C of Fig. 8), fine collagen bundles were 
observed in eyes 1 and 2. These bundles had a diameter of 3−5 μm and were frequently 
branched and intermingled. In the other eyes, the images looked fuzzy, and individual bundles 
were not as clear as in the other eyes. 
 
Fig. 8. SHG images of the porcine sclera at the posterior pole. Rows A, B, and C show the 
SHG images on the external surface, at the depth of 600 μm, and on the internal surface of the 
sclera, respectively. The numbers of the columns from 1 to 6 show IDs of porcine eyes. 
4. Discussion 
In the study of in vivo human eyes, we investigated the relationship between birefringence 
and biometric parameters. The IOP showed statistically significant correlation with the 
birefringence, while the spherical equivalent refractive error and axial eye length did not 
show these correlations in this small number of subjects. To further explain the relationship 
between the IOP and birefringence, several mechanisms can be hypothesized. 
The first hypothesis is that the ultrastructure of the sclera has a role in regulating IOP. 
However, the sclera is not the main resistance component for both trabecular and uveoscleral 
outflow [33], and it is unlikely that scleral ultrastructure affects the IOP directly, at least in 
the normal eyes. 
Another hypothesis is that short-term alteration of IOP could affect the birefringence, 
because the alteration of IOP may change the density of collagen fibrils or the anisotropy of 
collagen fibers. For example, it was reported that the birefringence of human skin was altered 
by stretching [34]. To examine this hypothesis, the birefringence of the porcine sclera was 
measured under controlled IOP. The results disproved this hypothesis for the porcine sclera. 
The short-term alteration of IOP did not significantly affect the scleral birefringence in the 
case of porcine eyes ex vivo. Although it has been known that human and porcine eyes have 
similar properties of the sclera in some aspects [35-38], additional studies would be required 
to show whether the outcome of porcine eyes is interchangeable to human eyes. If it was 
exchangeable, our result would suggest that the short-term alteration of IOP does not explain 
the significant negative relationship between the IOP and scleral birefringence of human eyes 
in vivo. This validation is still left as a future work. 
Assuming interchangeability between porcine and human eyes as discussed above and 
considering the structural source of the birefringent tissues, our results may indicate that 
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because of unknown factors, the sclera of healthy eyes with relatively high IOP had low 
density collagen fibrils or irregular orientations of the collagen fibers. One possible but not 
proven hypothesis is that chronic elevation of IOP affects the tissue remodeling process of 
sclera [39] and the scleral birefringence could have been gradually decreased over time. 
Previously, we showed that birefringence and elasticity of sclera were positively 
correlated [13]. Considering this report and the results of our study, human eyes may have 
different scleral biomechanical properties depending on their inherent IOP. However, further 
studies are necessary to validate this hypothesis. 
In our other recent paper [12], we reported that the birefringence of porcine sclera was 
altered by uniaxial strain in both meridional and equatorial directions. However, the alteration 
of birefringence in the inflation test in the current study was smaller than that with the 
uniaxial strain. The different results of these studies are likely to be explained by the different 
protocols of the applied pressure. Since one can assume that the inflation test imposes almost 
equibiaxial loading condition, only little reorganization of the collagen structure is occurred. 
This would explain why birefringence was not significantly altered with IOP for the porcine 
sclera. One additional thought is about strain at limbus. The IOP elevation would not always 
produce an equibiaxial loading at the limbus because of the abrupt change in curvature 
between the sclera and the cornea. It would be expected that the birefringence alteration at 
limbus under IOP alteration is not the same with the scleral region measured in the current 
study. It is an important future study and is potentially important for the computational 
models of the sclera, which assume that collagen fibers and matrix deforms according to the 
macroscopic deformation of the tissue [39–41]. 
Both IOP and scleral biomechanics are known to have important roles in glaucoma. 
Lowering IOP is an effective treatment for both normal tension glaucoma [42] and primary 
open angle glaucoma [43]. It is also known that the scleral biomechanics is likely related to 
the arrangement of collagen fibers [44,45]. For example, it was reported that some 
glaucomatous human eyes had lower anisotropy of collagen fibers in the posterior sclera [6]. 
In addition, it was also reported that glaucomatous human eyes had lower density of collagen 
fibers in peripapillary sclera [11]. These reports may indicate that the ultrastructure of sclera 
is related to the progression of glaucoma. Since it is known that the organization of collagen 
fibers is related to the birefringence [14,15], it would be of interest to investigate scleral 
birefringence of normal and glaucomatous eyes in future. 
Although the posterior sclera has high isotropy of collagen fibers, peripapillary sclera is 
known to have anisotropic fiber orientation along the circumferential direction of the optic 
nerve head [6,46]. Although it has not been validated yet, we speculate that the anisotropic 
fiber of the peripapillary sclera may be related to the high birefringence of peripapillary sclera 
measured previously by PS-OCT [28,29]. Peripapillary sclera has been extensively 
investigated, because it is known to play an important role in the deformation of lamina 
cribrosa [47]. Since the stiffness of the peripapillary sclera of glaucomatous eyes was 
different from that of normal eyes in the cases of experimental monkeys and postmortem 
humans [7–10], it is likely that the stiffness of the peripapillary sclera is related to the 
progression of glaucoma. In the future, it would be interesting to investigate birefringence of 
peripapillary sclera in normal and glaucomatous eyes using PS-OCT especially designed for 
posterior segment imaging [28,48,49]. 
Highly intertwined and interwoven structures of collagen fibers could have decreased total 
birefringence, because the birefringence of collagen fibers with different orientations partly 
cancels each other [14,50]. Hence, the birefringence at the posterior region, where the 
randomness of fiber orientation of sclera is relatively high, would be lower than that of the 
region near the limbus. Further understanding of the relationship between the birefringence 
and ultrastructural properties of the sclera would be important to strengthen the use of PS-
OCT for evaluating mechanical properties of tissues. 
As shown in Fig. 7, SHG microscopy showed that the collagen fiber of sclera was parallel 
to the limbus. This is consistent with previous reports about the scleral structure [46,51,52]. In 
contrast, the collagen fiber of the posterior sclera shown in Fig. 8 had various orientations. 
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This is also consistent with previous reports that measured scleral fiber anisotropy with small-
angle light scattering (SALS) [53,54]. The unclear SHG image on the internal surface of the 
sclera (rows C of Figs. 7 and 8) might be due to the smaller diameter of collagen fibrils [5]. 
Although SHG microscopy has been frequently used for corneal imaging [55–57], there 
are only a few reports of its application to scleral imaging [58,59]. As shown in Figs. 7 and 8, 
we demonstrated that SHG microscopy is useful in observing the orientation and anisotropy 
of collagen fibers that have regional differences in the sclera. Although it is difficult to 
resolve individual collagen fibrils by SHG microscopy, it has the advantage of observing 
collagen bundles in a wider field of view than scanning electron microscopy, and of enabling 
imaging of both stained and unstained samples in situ. 
There are several limitations in this study. First, we used ex vivo porcine eyes in the 
experiment of inflation response of birefringence, because it is difficult to control the IOP of 
human eyes in vivo noninvasively. A possible in vivo human experiment would be 
measurements before and after intravitreal injection during true clinical treatments. This 
would be the next study for a more detailed investigation. Second, we only measured healthy 
eyes within normal IOP ranges in the in vivo experiment. Studies with highly myopic eyes 
and glaucomatous eyes would extend the current understanding about the relationship 
between birefringence and biometric parameters. Third, we measured birefringence of the 
sclera only close to the limbus. The birefringence may be different depending on the region, 
and may have different relationships with biometric parameters. Fourth, although we 
extracted birefringence data of the sclera semi-automatically, the region did not cover the 
whole anatomical structure of the sclera. For example, the anterior boundary of the region 
was set at over 10 µm posterior to the tissue surface but not to the boundary between 
conjunctiva and sclera or Tenon’s capsule. This could have reduced the repeatability of the 
birefringence measurement. Methods of tissue discrimination or boundary detection using PS-
OCT could be promising to segment the sclera [60–62]. Usage of these technologies to fully 
automate the determination of the regions of interest would improve future reliability of the 
measurements [60–62]. Fifth, the birefringence measured by PS-OCT is affected by the 
relative angle between a beam and a sample. Although the samples were aligned to be mostly 
perpendicular to the probe beam, the angle dependence of birefringence might increase a 
variance of measured birefringence. Sixth, the IOP measured by tonometry might be 
influenced by corneal elasticity [63]. Although a relationship between corneal elasticity and 
scleral elasticity has not been investigated, they may be correlated because of their continuous 
structure with rich collagen fibers. If this assumption is true, the correlation between the 
measured IOP and the birefringence would be positively biased. However, our results showed 
a negative correlation, suggesting that the negative correlation found in this study is not an 
artifact. To exclude the potential influence of the corneal elasticity and to obtain more 
accurate results, measurement of true IOP is desirable. Seventh, diurnal alteration, 
reproducibility, and long-term record of IOP were not taken into account in this study. 
In summary, scleral birefringence of healthy human eyes was found to be correlated with 
IOP. Although this finding may indicate that the ultrastructure of collagen fibers in the sclera 
of healthy eyes is likely to be affected by IOP even in normal ranges as a long-term effect, 
further studies are required to validate the hypothesis. This study is the first to demonstrate 
the relationship between scleral birefringence and biometric parameters in vivo. 
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